& Brain imaging based on functional MRI (fMRI) provides a powerful tool for characterizing age-related changes in functional anatomy. However, between-population comparisons confront potential differences in measurement properties. The present experiment explores the feasibility of conducting fMRI studies in nondemented and demented older adults by measuring hemodynamic response properties in an event-related design. A paradigm involving repeated presentation of sensory±motor response trials was administered to 41
INTRODUCTION
Brain imaging studies in young adults provide a foundation for exploring the functional anatomy of healthy aging and aging associated with progressive dementia. Completing such explorations may yield insights into the origins of age-associated cognitive change and perhaps even provide functional±anatomic markers that predict cognitive decline associated with Alzheimer's disease (e.g., Jonides, Marshuetz, Smith, Reuter-Lorenz, & Koeppe, 2000; Reuter-Lorenz et al., 2000; Rypma & D'Esposito, 2000; Backman et al., 1999; Backman, Almkvist, Nyberg, & Andersson, 2000; Small, Perera, DeLaPaz, Mayeux, & Stern, 1999; Smith et al., 1999; Madden et al., 1999; Cabeza et al., 1997; Mentis et al., 1996; Mentis et al., 1998; Schacter, Savage, Alpert, Rauch, & Albert, 1996; Grady et al., 1993; Grady et al., 1994; Grady et al., 1995; Grady, McIntosh, Rajah, Beig, & Craik, 1999) . However, extending brain-imaging research into older adult populations brings with it several methodological challenges. The present study explores the feasibility of using functional MRI (fMRI) to study older adults.
Among the most serious challenges to fMRI feasibility is the possibility that the measures of neuronal activity used by fMRI have different properties in young and old adults. In particular, most fMRI studies are based on indirect measures of neural activity that rely on a coupling of local neuronal activity to a vascular hemodynamic response. Increased neural activity leads to changes in blood flow and volume without concordant changes in oxygen utilization. The result is a local increase in blood oxygen content that can be imaged with MRI (often called the blood oxygenation level dependent, or BOLD mechanism; Ogawa et al., 1992; Kwong et al., 1992) . The BOLD mechanism thus depends on the integrity and proper regulation of local vasculature (Kuschinsky, 1999; Villringer, 1999) . The first goal of the present study was to compare hemodynamic response properties as measured by BOLD-contrast fMRI in young, nondemented old, and demented old adults.
Several prior studies comparing hemodynamic response properties in young and older adults using fMRI have yielded mixed results (D'Esposito, Zarahn, Aguirre, & Rypma, 1999; Taoka et al., 1998; Ross et al., 1997) . Ross et al. compared sensory hemodynamic response properties in young and nondemented older adults in a blocked-task paradigm. Participants passively viewed a flickering red stimulus in 30-sec blocked epochs. Examining the percent signal change in activated voxels near striate and extrastriate visual cortex showed a significantly reduced response in old as compared to young adults (2.5% vs. 4.0%). The response reduction was not likely due to fatigue or habituation, as the reduction was prominent within the first few seconds of the response epochs (see Figure 1 of Ross et al., 1997) .
D'Esposito et al. investigated motor hemodynamic responses in young and old adults using an event-related task paradigm. In their study, participants visually fixated on a cross-hair that changed every 16 sec to a small white circle. In response to the stimulus change, participants pressed buttons with both hands. Examining the percent signal change in activated voxels in or near motor cortex yielded similar response amplitudes between the old and young adults (see Figure 2 of D' Esposito et al., 1999) . D'Esposito et al. did, however, note that the noise (variance) was significantly greater in the old as compared to young adults.
These two studies suggest opposing results. While both observed prominent neurally induced hemodynamic responses in older adults, Ross et al. (1997) observed a significant amplitude reduction in old relative to young adults, whereas D'Esposito et al. (1999) did not. One possibility for the opposing results is that the two studies examined different cortical regions, visual versus motor. A second goal of the present study was therefore to compare hemodynamic response properties in visual and motor cortex across young, nondemented old, and demented old adults.
A further issue needing exploration is the degree to which hemodynamic summation is comparable across populations. Hemodynamic response summation occurs when an initial hemodynamic response has not decayed prior to the initiation of a subsequent response. There are at least two reasons for examining hemodynamic response summation over sequential events in older adults. First, certain kinds of task paradigm, such as those based on rapid-presentation event-related fMRI (Clark, Maisog, & Haxby, 1998; Dale & Buckner, 1997) , depend on roughly linear summation properties for their implementation. In older adults, the determination of whether such paradigms will be feasible requires exploring summation properties across overlapping events. Second, it is possible that in older adults the hemodynamic response is preserved (or preserved to a large degree) but nonetheless compromised when multiple repeated events are considered. Such a situation might arise if the hemodynamic reserve is limited in old adults compared to young adults. The difference between the results of D 'Esposito et al. (1999) and Ross et al. (1997) , for example, might be explained by the fact that the former considered the hemodynamic response to transient, isolated events, while the latter explored a summated response to continuous events. A final goal of the present study was to compare hemodynamic response summation properties across young, nondemented old, and demented old adults.
Several experimental design issues were considered in order to address these three goals. First, the Washington University Alzheimer's Disease Research Center clinically screened nondemented and demented older adult participants to meet appropriate inclusion criteria. Second, a simple sensory±motor paradigm was selected (adapted from Miezin, Maccotta, Ollinger, Petersen, & Buckner, 2000) . Participants viewed a transient large-field 8-Hz flickering checkerboard and pressed a key at the onset of the flickering. In this manner, hemodynamic response characteristics could be examined in separate sensory (due to the visual stimulus) and motor (due to the keypress response) regions. Third, stimuli were either presented in isolation or in pairs. This manipulation allowed hemodynamic response properties to be characterized for isolated events, which are most relevant to event-related designs, as well as between-event summation properties, which are most relevant to blockedparadigm designs and rapid event-related paradigm designs (Dale & Buckner, 1997) . Finally, although not utilized fully in the present paper, multiple repetitions of high-resolution three-dimensional T1-weighted anatomic images were acquired on each subject to allow future analyses. Those analyses will compare anatomic differences between subject groups and relate functional response properties to anatomic differences.
RESULTS

Behavior
Behavioral data were acquired on 38 of 41 participants. For technical reasons, data were lost for two young adults and one demented older adult. Of 90 possible, the mean number of missed responses per participant were 0.33 (< 1%), 5.50 (6.1%), and 3.25 (3.6%) for the young, nondemented old, and demented old, respectively. Only four participants missed more than five responses (two nondemented and two demented older adults). Mean reaction times (computed from the individual subject medians) were 405 (SE = 16), 576 (SE = 140), and 630 msec (SE = 147) for the young, nondemented old, and demented old, respectively. Although the reaction time data qualitatively showed a substantial slowing, the effect was not statistically significant (F < 1).
The surprising lack of significance appears largely attributable to extreme variance and, in particular, two outlier values (one each from the demented and nondemented old adult groups). The effect of subject group approached significance when these two participants were removed (F[2, 33] = 2.94, p = .07) and the difference between demented old and young subjects was significant in a post hoc t test (t[21] = 2.46, p < .05). A nonparametric test including all subjects showed a significant difference between the demented old and young adults (Mann±Whitney test; U = 28, p < .05).
fMRI Activation Maps
Activation maps for each subject group demonstrated prominent activation in visual and motor cortex ( Figure  1 ). Activation included the left motor cortex (presumably due to motor response demands), striate cortex extending into extrastriate cortex (presumably due to visual processing demands), supplementary motor area, and right cerebellum. For many individual participants, including demented older adults, clear activations were detected in expected visual and motor regions. However, also noted was a clear reduction in the spatial extent and significance level of activations in the nondemented old as compared to young adults, and demented old as compared to nondemented old adults. To explore further the origins of these differences and gain a better understanding of hemodynamic response properties, regional signal change was examined in detail for visual and motor regions.
Hemodynamic Response Amplitude
To determine response amplitude in an unbiased manner, the mean selectively averaged responses from each subject group were plotted. The results are shown in Figure 2 . Data are from a region in the visual cortex (seed coordinate = 3, À83, 6 located in or near the border of Brodmann's areas 17 and 18 in the Talairach and Tournoux (1988) atlas) and a region in the motor cortex (seed coordinate À35, À31, 58 located in or near Brodmann's area 4).
For the visual cortex, clear reductions in response amplitude were present in the older adults relative to the younger adults 1 (Figure 2 ). To quantify response amplitude and also to perform statistical tests, estimates of amplitude were obtained for each subject using the amplitude of the response at the peak time point (the third time point) minus baseline timepoints (the average of the first and last two time points).
2 Results indicated a mean response of 1.20%, 0.59%, and 0.62% for young, nondemented old, and demented old adults, respectively ( Figure 3 ). ANOVA revealed a main effect of subject group on response amplitude for the visual region (F[2, 38] = 7.28, p < .01). Post hoc t tests Figure 1 . Statistical activation maps are displayed across transverse sections for each averaged subject group: (A) young adults, (B) nondemented older adults, and (C) demented older adults. Each set of images contains functional activation data from a single group superimposed on top of their averaged anatomic image in atlas space. Increasing color in the red±yellow direction indicates significantly increased response. Increasing color in the blue±green direction indicates significantly decreased response. The images use a statistical threshold of p < .001. Z coordinate labels at the bottom indicate the approximate section based on the level in the Talairach and Tournoux (1988) atlas. Right is displayed on the right. Notably, all three groups show robust left motor cortex activation as well as visual cortex activation. However, activation in the young adults shows higher significance levels and a greater spatial extent above threshold.
showed that nondemented old and demented old adults both were significantly reduced in amplitude as compared to young adults (unpaired t[26] = 3.17, p < .01 and t[25] = 2.89, p < .01, respectively).
For the motor cortex, similar response amplitudes were present across all groups. Applying the same methods as above, mean response amplitudes were 0.68%, 0.51%, and 0.64% for young, nondemented old, and demented old adults, respectively ( Figure 3 ). ANO-VA did not reveal a main effect of subject group on response amplitude for the motor region (F[2, 38] = 1.44, p > .2). No differences reached significance in post hoc t tests although the difference between young and nondemented old showed a trend (t[26] = 1.71, p = .10). A subtle shift in timing between groups was observed in the motor region (best observed in the return to baseline). Young adults were fastest, nondemented old next, and demented old adults slowest. This timing difference, which is noted here purely as an untested observation, may relate to the timing of the motor response.
The contrasting behavior of the visual and motor regions suggested the hemodynamic response amplitude varied between subject groups depending on which region was examined. This interaction effect was significant based on ANOVA entering region and group as two separate factors (F[2,38] = 4.00, p < .05). Thus, hemodynamic response amplitude in the visual region changed significantly more between young and old adults than did the response amplitude in the motor region.
Hemodynamic Response Variance
For the visual and motor regions described above, the within-subject standard deviation of the response was computed by averaging the separate standard deviations for each of the eight time points in the hemodynamic response epoch. 3 The mean within-subject standard deviations for the visual region were 0.96%, 0.92%, and 1.35% for the young, nondemented old, and demented old adults, respectively (Figure 3 ). ANOVA showed a trend for significance (F[2, 38] = 2.75, p = .08). In posthoc t tests, demented old adults showed a trend for more variance as compared to nondemented old adults (unpaired t[25] = 1.80, p = .08). The mean standard deviations for the motor region were 0.76%, 0.79%, and 1.07% for the young, nondemented old, and demented old adults, respectively (Figure 3 ). ANOVA showed a significant effect of subject group (F[2, 38] = 5.92, p < .01). Post hoc t tests showed significantly more variance in demented old adults than nondemented old adults (t[25] = 2.51, p < .05) and young adults (t[25] = 3.03, p < .01). Thus, the within-subject variance (standard deviation) of the hemodynamic response was greatest in demented older adults.
To expand on these findings, the effect size was computed for each region by dividing the estimated amplitude of the hemodynamic response for each subject by his/her standard deviation. For the visual region, the mean effect sizes were 1.24, 0.64, and 0.52 for young, nondemented old, and demented old adults, respectively (Figure 3 ). The effect of subject group was significant by ANOVA (F[2, 38] = 11.32, p < .001) and post hoc t tests revealed that both older adult groups showed significantly lower effect sizes than the young adults (t[26] = 3.32, p < .01 and t[25] = 4.07, p < .001 for nondemented and demented old adults, respectively). The parallel analysis for the motor region revealed qualitatively similar results. Effect sizes were 0.89, 0.68, and 0.63 (Figure 3 ). This effect showed a trend towards significance (F[2, 38] = 2.55, p = .09) with the post hoc t test comparing young and demented old adults significant (t[25] = 2.09, p < .05). These changes in effect size may partly underlie the differences in the activation maps observed earlier (Figure 1 ).
Comparison of Amplitude and Variance Between Regions
Given the observed differences in amplitude and variance between subject groups, a natural set of questions to ask is whether such parameters covaried across regions which would suggest a global factor that varied over subjects. In other words, does a high hemodynamic response variance in one region predict a high variance in another? Does a high amplitude response in one region predict a high amplitude response in another? Amplitude did not correlate between visual and motor regions (r 2 = .03; F[1, 38] = 1.15, p = .29) while variance did (r 2 = .34; F[1, 38] = 19.59, p < .001). These results suggest some subjects show more hemodynamic variance than others, and that this increase in variance is consistent across regions.
Hemodynamic Response Summation
To characterize summation properties, the hemodynamic responses from the one-trial conditions were subtracted from the two-trial conditions. The result was an estimate of the added contributions of the second, summated hemodynamic responses. These summated responses were then directly compared to the unsubtracted one-trial condition responses. To aid visualization, all responses were baseline shifted to a mean of zero. Such a shift is necessitated here because subtracted and unsubtracted time course data will obligatorily fall at different baseline values. Figure 4 displays the results. The added contributions of the second responses were highly similar to the isolated one-trial condition responses. Thus, the hemodynamic response summated in a similar fashion for all subject groups, independent of whether the absolute response amplitude was different (visual region) or similar (motor region) across groups.
To quantify more precisely the summation properties across groups, the amplitudes of the added hemodynamic response contributions were derived in an analogous manner to that used for the isolated amplitudes above. Results for the visual region were (numbers in parentheses are isolated trial amplitude estimates from above): 1.22% (1.20%), 0.59% (0.59%), and 0.65% (0.62%) for young, nondemented old, and demented old adults, respectively. Results for the motor region were: 0.65% (0.68%), 0.50% (0.51%), and 0.59% (0.64%). Transforming these values into the percent amplitude of the added responses (relative to the isolated responses; 100% being perfect linear summation) yielded: 102%, 100%, and 105% for young, nondemented old, and demented old adults, respectively, for the visual region and 96%, 98%, and 92% for the motor region.
DISCUSSION
Brain imaging based on fMRI provides a powerful method for examining functional±anatomy underlying ageassociated cognitive change. However, it will be necessary to understand potential differences in fMRI measurement properties between populations to fully exploit and interpret between-group comparisons. To begin such explorations, a simple sensory±motor fMRI paradigm was examined in three subject groups: young adults, nondemented older adults, and demented older adults. The main finding was quite optimistic: Imaging was successful and yielded robust activation of visual and motor regions in all subject groups (Figure 1) . Thus, these data suggest that brain imaging based on fMRI is feasible in the study of older adults including demented individuals. Beyond this basic result, more detailed quantification of the data yielded several important considerations for imaging older adults. These findings relate to (1) the amplitude of the hemodynamic response, (2) the variance of the response, and (3) the summation properties of the response.
Significant reductions in the amplitude of the hemodynamic response were noted in older adults relative to younger adults, both for nondemented and demented subject groups. However, these reductions were regionally specific: The visual region showed a significant amplitude reduction and the motor region did not. Moreover, the interaction between the two regions was significant. As noted in the Introduction, several prior studies have compared hemodynamic response amplitude between young and old adults. Of these, D 'Esposito et al. (1999) and Ross et al. (1997) What might regional variation in hemodynamic response properties reflect? One hypothesis is that there is regional variation in the coupling of neuronal activity to hemodynamic response. The present data are fully consistent with such a possibility. However, a second possibility is that there are regional differences in neural activity patterns. In our paradigm, visual cortex activity may be differentially affected in older adults because of either core sensory impairments or artifacts associated with imperfect stimulus viewing in older adults (e.g., differences in the ability to fixate). Mentis et al. (1996) and Mentis et al. (1998) provide data generally consistent with this interpretation. Mentis et al. observed that demented older adults, as compared to nondemented older adults, showed reduced visual cortex blood flow response to high frequency visual stimulation, suggesting a visual dysfunction in certain older adults. Our data, however, do not show a significant difference in visual cortex between nondemented and demented older adults as would be predicted by Mentis et al. (1998) . Given these uncertainties, the causes of the significant regional differences in hemodynamic response magnitude will have to await further study. The difference between regions may be related to regional differences in neural activity, coupling of vascular response to regional activity, or perhaps a combination of the two. Nonetheless, the present results suggest that hemodynamic response amplitude in certain regions can be preserved between young and old adults (as indicated by the motor region data) and that response amplitudes can be similar between demented and nondemented older adults.
Analysis of hemodynamic response variance showed demented older adults to have more variance than young or nondemented older adults. D 'Esposito et al. (1999) have previously reported increased response variance in nondemented old as compared to young adults. Thus, both studies converge to suggest older adults can show significantly increased hemodynamic variance over young adults. The two studies differ in the degree to which a variance increase occurred in the nondemented older adults. One possible reason for this difference relates to participant recruitment. The nondemented older adults in the present study were extensively screened, highly motivated individuals who regularly participate in studies as part of the Alzheimer's Disease Research Center. These atypically healthy older adults, who showed variance in the general range of young adults, may represent the optimal imaging situation for older adults. Taken collectively, the two studies combine to suggest increased variance is an issue for imaging studies of older adults and particularly so for studies of demented participants.
Perhaps the most optimistic finding in the present study relates to the summation properties of the hemodynamic response across sequential events. All subject groups for both regions showed near linear summation of the response, independent of the level of the response (Figure 4) . Such a finding suggests rapid-presentation event-related designs are possible in older adults (Dale & Buckner, 1997) . Moreover, as will be discussed below, the presence of intact summation properties across groups provides considerable inferential power to certain forms of between-group comparisons. One caveat to consider in interpreting these results is the limited range in which hemodynamic response summation was tested (events were spaced approximately 5 1 / 2 sec apart). Studies in young adults have shown nonlinearity in response properties at faster response rates (e.g., Huettel & McCarthy, 2000; Friston, Josephs, Rees, & Turner, 1997) . Thus it will be important to explore further the boundary conditions for summation similarities between young and old adults in future studies.
Implications for Experimental Design and Interpretation
Imaging studies comparing young and old adults confront several challenges that the present results emphasize. As noted above, regional variation may exist in the coupling of the hemodynamic response, and differences in measured variance can be pronounced. For these reasons, we echo the concerns of D 'Esposito et al. (1999) that main effects between subject groups may be difficult to interpret.
Direct between-group comparisons may lend themselves to interpretation errors because they assume that the absolute levels of hemodynamic response are the same between subject groups and because they also assume that the summation and/or scaling properties of the response are the same between groups. There are, nonetheless, some examples in the present data set and in D' Esposito et al. (1999) that meet or come close to these assumptions. Both D'Esposito et al. and the present study noted similar amplitude responses in old and young adults in the motor cortex. The present study extended this finding to suggest similar responses in nondemented and demented older adults. In fact, similar amplitude responses between demented and nondemented older adults were noted for both regions tested. Thus, under certain conditions, direct comparison of hemodynamic response levels between subject groups may be informative. However, the uncertainty concerning regional variation suggests that direct between-group comparisons in hemodynamic response amplitude should be interpreted extremely cautiously at best.
Given the uncertainty of whether the hemodynamic response amplitude is equivalent between young and old adults, a conservative approach is to adopt designs and analyses that do not rest on direct amplitude (magnitude) comparisons between subject groups. One analysis strategy that circumvents interpreting main effects is to interpret group-by-region interactions. In such analyses, interpretations will account for/consider the differences in one brain region's being more pronounced than those in another region. Overall main effects will not cause artifactual differences between groups (see D'Esposito et al., 1999 for a similar argument). However, such analysis assumes that, whatever the baseline difference in hemodynamic response, the hemodynamic response scales similarly across regions.
Another class of analyses that circumvent direct amplitude comparisons are those that depend on relative change across conditions within a group, rather than on absolute change between groups. Two related forms of such analyses are group-by-condition interactions and between-group parametric manipulations. Group-bycondition interactions are extremely promising because they rely on the relative change within one group's being significantly greater than the relative change in another group. Global effects of medication, health condition, atrophy, or other still-unconsidered factors would simply be handled by an overall offset with no contribution to the interaction effect. Moreover, the one consistent property noted in the present data, for all regions and subject groups, was that whatever the level of hemodynamic response, responses showed similar summation properties across subject groups. Thus, in employing a group-by-condition analysis, systematic differences between conditions in one group versus another would likely reflect true differences in underlying neural activity. For example, if the hemodynamic response doubles from one condition to the next in young adults but increases only minimally in old adults, the explanation is likely a genuine difference in brain activity between the two groups. Between-group parametric manipulations are a potentially powerful extension of this idea where more than two levels of a condition are considered in each group. Mentis et al. (1996) and Mentis et al. (1998) present excellent examples of between-group parametric designs employed in the study of sensory processing in older adults. The concept should extend to cognitive paradigms.
METHODS Subjects
Forty-one right-handed, English-speaking individuals participated for $75 payment. Fourteen young participants (five male) were recruited by advertisement from the student body of Washington University. The mean age of these young participants was 21.1 years (range: 18±24 years). A history of neurological or visual illness served as exclusion criteria. Twenty-seven older participants were recruited from the registry of the Washington University Alzheimer's Disease Research Center (ADRC). Fourteen (five male) were nondemented with a mean age of 74.9 years (range: 66±89 years). Thirteen (six male) were demented with a mean age of 77.2 years (range: 68±83 years). Older adults were excluded if they had neurologic, psychiatric, or medical illnesses that could cause dementia. All older adults had normal (corrected) visual acuity.
Dementia status was established using the ADRC's recruitment and assessment procedures (described in Berg et al., 1998) . In brief, nondemented control subjects and those with mild dementia of the Alzheimer's type (DAT) were assessed clinically with the Clinical Dementia Rating (CDR), where CDR 0 indicates no dementia and CDR 0.5 and CDR 1 indicate very mild and mild DAT, respectively (Morris, 1993) . The ADRC diagnostic criteria for DAT are comparable to those for``probable AD'' as described by the Work Group of the National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Disease and Related Disorders Association (McKhann et al., 1984) . The diagnostic accuracy for DAT as confirmed by the neuropathologic presence of AD is 93%, including for subjects in the earliest stages of dementia (i.e., CDR 0.5) (Berg et al., 1998) . Of the 13 demented participants, 8 had very mild DAT (CDR 0.5) and 5 had mild DAT (CDR 1). All nondemented older adults had CDR 0.
MRI Acquisition Procedures
Scans were conducted on a Siemens 1.5-T Vision System (Erlangen, Germany) with a standard circularly polarized head coil. A pillow and thermoplastic facemask were used to minimize head movement. Participants' heads were positioned low in the head coil (toward their feet) so that the cerebral cortex fell within the center of the head coil (i.e., participants were typically landmarked about 1 in. above their eyebrows). Headphones dampened scanner noise and allowed communication with subjects.
In order to provide high-resolution structural images with high gray±white contrast, a series of three to four separate T1-weighted MP-RAGE anatomic images were acquired per subject (resolution = 1 Â 1 Â 1.25 mm, TR = 9.7 msec, TE = 4 msec, flip angle = 108, TI = 20 msec, TD = 500 msec). The first structural image of the series was acquired at the beginning of the session followed by two to three additional structural image acquisitions at the end of the session, following the functional data acquisition. The structural data were motion-corrected to one another using rigid-body realignment (Snyder, 1996) and interpolated to isotropic 1-mm voxels (for detailed anatomic examination) and 2-mm voxels (for use as a backdrop for functional imaging). Although not fully utilized in the present manuscript, the anatomic data are sufficient for anatomic quantification, including surface reconstruction and white/gray/CSF measurements (e.g., Snyder, Sanders, Linenweber, Morris, & Buckner, 2000) .
Functional images were collected with an asymmetric spin-echo sequence sensitive to BOLD-contrast (volume TR = 2.68 sec, 3.75 Â 3.75 mm in-plane resolution; T2* evolution time = 50 msec, alpha = 908; Conturo et al., 1996) . Whole-brain imaging was performed using 16 contiguous 8-mm thick slices acquired parallel to the plane of the anterior-posterior commissure. For each subject, four separate functional image runs were acquired, with each run accumulating 128 total sequential whole-brain image acquisitions. Each run lasted approximately 5.5 min and a 2-min delay existed between runs, during which subjects were permitted to rest.
Behavioral Procedures
Stimulus display was controlled by a Power Macintosh computer (Apple, Cupernico, CA) using PsyScope software (Cohen, MacWhinney, Flatt, & Provost, 1993) . Keypress responses were recorded using a fiber-optic light-sensitive keypress connected to a PsyScope button box (Carnegie Mellon University, Pittsburgh, PA). All buttons except one were physically covered to minimize response complexity. Stimuli were rear projected (AmPro Model LCD-150, Ampro, Melbourne, FL) onto a screen placed at the back of the magnet bore. Participants viewed the screen through a mirror fastened to the top of the head coil. Participants requiring corrective lenses (mostly older adults) were supplied magnetcompatible glasses.
The basic task paradigm consisted of presentation of a 1.5-sec duration visual stimulus. Participants pressed a key with their right index fingers upon stimulus onset. The visual stimulus was an 8-Hz counterphase flickering (black to white) checkerboard subtending approximately 128 of visual angle (68 in each visual field). Stimulus parameters were identical to those used by Miezin et al. (2000) . The stimulus onset was triggered at the beginning of the image acquisition via the PsyScope button box. Spatial frequency of the checkerboard decreased with visual angle to be approximately constant in relation to acuity across the visual field.
Runs were structured such that for every eight-image acquisition (21.44 sec), one of two kinds of trial condition were presented (15 trials per run for a total of 60 trials per subject). Task trials either involved stimuli presented in isolation (one-trial condition) or in pairs with an inter-trial interval of 5.36 sec (two-trial condition). One-trial and two-trial conditions were pseudorandomly intermixed such that eight trials of one type and seven of the other appeared in each run. The logic of this design (Dale & Buckner, 1997) is that the onetrial conditions can be examined to determine the evoked hemodynamic response to an isolated, transient event. The two-trial conditions further allowed the summation properties of the hemodynamic response to be examined: To the degree that the added responses in the two-trial conditions were similar to the responses in the one-trial conditions, the hemodynamic dynamic response exhibits linear summation. Four image acquisitions involving only fixation were acquired prior to the first trial and following the last trial in each run.
fMRI Data Analysis
For each fMRI run, data were first preprocessed to remove several sources of noise and artifact using previously applied procedures (Wheeler, Petersen, & Buckner, 2000; Konishi, Wheeler, Donaldson, & Buckner, 2000) . For all analyses, the first four image volumes were discarded to allow longitudinal magnetization stabilization. All functional image runs were corrected for odd/even slice-intensity differences and normalized to a whole-brain global signal intensity of 1000 using a single scaling factor per run. Motion correction using a rigidbody rotation and translation correction was then applied within each functional run (across sequential volume image acquisitions) and between functional runs within each subject (Snyder, 1996) . All image volumes were interpolated and spatially scaled to conform to the Talairach and Tournoux (1988) atlas (interpolated to 2-mm isotropic voxels). The atlas transformation was verified for each individual subject by plotting his/her spatially scaled anatomy image against the averaged template. Finally, the slope and mean were subtracted from each voxel to remove effects of linear drift and also subtract signal variation due to underlying structural anatomy. The mean voxel intensity was saved and later used to scale effects to percent signal change.
The functional (BOLD) responses were analyzed in two phases. First, individual subject and group analyses were performed in an event-related fashion using selective-averaging methods (Buckner et al., 1998; Dale & Buckner, 1997) . For this analysis, data were spatially smoothed using a one-voxel Hanning filter and then sorted based on the onset of trial events. The one-trial and two-trial event conditions were separately averaged. For each subject, all one-trial conditions were averaged together to produce a mean hemodynamic response at each voxel for the isolated trials events. The mean response was calculated over eight image acquisitions (21.44 sec given the TR of 2.68 sec). All two-trial conditions were similarly averaged. For each condition within each subject, the variance (standard deviation) across events was also computed. To determine the added contribution of the second event in the two-trial conditions, the one-trial conditions were simply subtracted from the two-trial conditions. Statistical activation maps based on a t statistic were constructed for the selectively averaged data by regressing the data at each voxel against a family of possible hemodynamic responses based on a gamma function (Buckner et al., 1998; Dale & Buckner, 1997; Boynton, Engel, Glover, & Heeger, 1996) . For group-averaged images, the selectively averaged data were themselves averaged over subjects prior to statistical map generation.
Second, evoked hemodynamic responses were extracted for each subject from a priori defined regions and directly compared using a random-effects statistical model. The regions were derived by combining data across all subject groups and constructing a single composite activation map. Peak activations in visual and motor cortex were then derived from this composite activation map. Regions were defined to include all significant voxels within 12 mm of the locations of the peak activation seed points. In this manner, all subject groups contributed equally to region definition in order not to bias region definition to any particular subject group under the null hypothesis that the groups are the same. Nonetheless, bias could still be present if differences existed across groups. One subject group (via their level of activation) could bias the peak location selected and augment observed differences. 4 The hemodynamic response and variance were obtained for each region for each subject and entered into subsequent analyses based on ANOVA and post hoc two-tailed t tests.
